The field of neuro-oncology is evolving rapidly. Many important advances have recently been reported, and other promising investigations have the potential to soon make substantial impacts in the field, especially in the areas of high-grade gliomas and brain metastases. We present an overview of the current status of this field, highlighting the key recent advances as well as representative work of key clinical investigations, since these concepts have the potential to influence clinical management if they are demonstrated to be safe and efficacious. This overview includes some work that has only appeared in abstract form in order to provide a timely understanding of how the field is actively changing and what may lie on the horizon. We focus on both medical and surgical neuro-oncology advances in this highly multidisciplinary subspecialty. Key Words neuro-oncology, neurosurgery, brain metastases, glioma, viral therapy, gene therapy, laser ablation, isocitrate dehydrogenase, tumor treating fields.
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BRAIN METASTASES
The current standard of care for multiple brain metastases primarily involves radiation therapy. This is delivered either as whole-brain radiation therapy (WBRT), which is administered in multiple fractions typically over 1-3 weeks, or as stereotactic radiosurgery (SRS), where single larger doses are focused on smaller target volumes. While there is no absolute cutoff for the number or volume of brain metastases appropriate for SRS, randomized data support its utilization in patients with four or fewer lesions. Either surgical resection or SRS is considered in patients with a single brain metastasis. Several factors influence the decision-making, including the size of the lesion, symptomatology, comorbid medical conditions, the age of the patient, and the underlying histology. 1 Surgical resection has played a major role for many years in the treatment of single brain metastases. Significant improvements in both overall survival (OS) and functional independence have been achieved by using surgery in conjunction with postoperative radiation versus WBRT alone. 4 Recent advancements in the technologies used in the field of neuroimaging and for the intraoperative monitoring of vital structures have further expanded the role of neurosurgery to the safe removal of lesions involving eloquent locations. Imaging modalities such as magnetic resonance imaging (MRI)-based diffusion-tensor imaging (DTI), functional MRI (fMRI), and MRI-guided electrical targeting and electromyography (transcranial magnetic stimulation) enhance preoperative planning by delineating the lesion from major tracts and eloquent cortical areas. 5 In addition, sophisticated intraoperative monitoring using direct cortical stimulation can help overcome the limitation of static preoperative imaging, which does not account for intraoperative changes in the brain position. These modalities can also be used in combination to safely remove lesions from the eloquent cortex without causing major neurological deficits. 6 The role of neurosurgical intervention in the setting of multiple metastases is less clear. However, important recent work has delineated a branched evolution with distinct mutations in the primary tumor, its brain metastases, and its extra-CNS metastases. Approximately half of all solid-tumor brain metastases are associated with clinically informative genomic alterations that are not found in the primary tumor. Of potentially equal importance, the genomic profiles of multiple brain metastases that are temporally and spatially distinct are relatively homogeneous. 7 While the genomic signature of the brain metastases does not yet routinely influence clinical management, this may change in the future. Investigations of agents that can impact actionable targets in brain metastases may make it necessary to obtain tissue from these metastases for genetic and epigenetic profiling, as well as protein expression. A targeted therapy could be similarly effective throughout the brain compartment due to the homogeneity of brain metastases in a specific patient. It will be beneficial to further integrate neurosurgical care with the other components of multidisciplinary decision-making and care. There are ongoing investigations of treatments addressing specific mutational targets, with substantial interest regarding the initiation of these studies and their future results. Additionally, the validation of predictive biomarkers for how metastases respond to immunotherapies, such as checkpoint inhibitors including programmed death 1 (PD-1) and its ligand (PD-L1) antibodies, will increase the utility of obtaining tissue from brain metastases in guiding management. There is a long but interesting road ahead involving the investigation and validation of these concepts.
In addition to the key diagnostic role, there have been interesting advances in neurosurgical therapeutic interventions for brain metastases. One particular technique that was initially evaluated several decades ago is becoming more widely utilized: laser-induced thermal therapy (LITT), sometimes called interstitial laser ablation, involves the stereotactic placement of a catheter that precisely heats the target lesion under direct MRI guidance. 8 This modality is used in the management of both brain metastases and the radiation-induced necrosis resulting from their treatment. 9 A retrospective single-institution study of 102 procedures demonstrated the feasibility and relative safety of this modality, but it also highlighted a learning curve that needs to be overcome. 10 While this therapeutic modality holds promise, the results of few prospective trials have been published thus far, and so larger and more rigorous studies are required to establish its role as an effective therapeutic modality. The median OS in that population of carefully selected patients with heterogeneous histologies was 19.8 months. As the use of LITT increases, familiarity with the radiographic changes indicating a transient increase in lesion size followed by a slower decrease in lesion size will be important. 11 In addition to brain metastases, LITT is also being used in the management of both newly diagnosed 12 and recurrent 13 primary brain tumors.
PRIMARY BRAIN TUMORS
Infiltrating gliomas compose a large and important group of primary brain tumors and are the focus of many neuro-oncology programs. The management of infiltrating gliomas entails the maximum safe surgical resection, often followed by radiation and chemotherapy. This has been studied the most in HGG, particularly glioblastoma (grade IV). In glioblastoma, surgery or biopsy is often followed by radiation with JCN concomitant chemotherapy using the oral alkylating agent temozolomide, and then additional adjuvant cycles of temozolomide. The management is less clear for progressive disease. Systemic therapeutic options include the nitrosourea CCNU as well as the antiangiogenic antibody bevacizumab.
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CLASSIFICATION
As stated above, the first goal of surgery is to establish a diagnosis that helps guide subsequent management. The World Health Organization (WHO) has recently revised its classification system for CNS tumors. 14, 15 The latest revision employs a layered diagnostic approach that combines histological and molecular features to define the diseases, thereby providing a better understanding of the tumor biology and its association with the prognosis. Some of the most important changes have taken place in the context of infiltrating gliomas. The mutational status of genes coding for isocitrate dehydrogenase (IDH), IDH1 and IDH2, yields a clear divide between two groups of infiltrating gliomas. IDH1 and IDH2 are the most commonly mutated metabolic genes in human cancers. 16 When mutated, they simultaneously lead to loss of normal function, the production of alpha-ketoglutarate (αKG), the acquisition of neomorphic function, the reduction of αKG to D-2-hydroxyglutarate (2-HG), and a decrease in NADPH production. 17, 18 IDH mutant gliomas are phenotypically and genetically distinct from their IDH wild-type counterparts. 19, 20 Mutation of IDH1 or IDH2 is thought to be a very early genetic event in tumorgenesis in a subset of infiltrating gliomas, and it defines distinct epigenetic and biological subgroups in glioma. 21, 22 Such mutations are present in most gliomas of grades II and III and in a smaller subset (~10%) of glioblastomas, and have been associated with a better prognosis in glioma. 23 Although some studies have suggested that IDH-mutated gliomas respond better to chemotherapy than do those with wild-type IDH, the predictive values of IDH mutations has not been established. In addition to the prognostic value of IDH mutations, their functional effect on seizure frequency have recently been described. A 2-HGmediated epileptogenesis has recently been described, which appears to be reversed by the N-methyl-D-aspartate (NMDA) receptor blockade. 24 Findings such as these reflect historical observations (favorably prognostic low-grade gliomas presenting with seizures) and, more importantly, present therapeutic potential.
Another change in the new classification is the use of the 1p19q chromosomal codeletion as a defining feature of oligodendrogliomas. There is a subset of patients with tumors exhibiting oligodendroglial histology but lacking the 1p19q codeletion. In the past, these tumors would have been classified as oligodendrogliomas, but now they would be categorized as astrocytomas. Molecular analyses would probably detect a molecular phenotype more consistent with an astrocytoma. While the category of oligoastrocytoma remains in the new classification system, the characteristics required for a tumor to qualify for this nebulous diagnosis are much tighter than in the past.
14,15 These above-described revisions in the classification for infiltrating gliomas will become incorporated into future clinical trials and will need to be taken into account when considering the results of both previous and ongoing trials.
SURGICAL THERAPEUTIC ADVANCES
Ongoing work in the realm of primary brain tumors is focused on optimizing the safety of achieving gross total resection in the setting of low-grade gliomas and effective tissue procurement, as well as drug delivery in the context of HGG. As discussed above, advanced imaging modalities, intraoperative monitoring, and intraoperative MRI (iMRI) have significantly improved our ability to achieve gross total resection of gliomas. Recent studies have supported that using iMRI for glioma resection can achieve a greater extent of resection in some patients and may provide significant survival benefits. 25, 26 Recent advances in cortical mapping have been adopted in neuro-oncology. Preoperative imaging mapping technologies, including fMRI and DTI, provide surgical planning tools that surgeons may use to improve surgical safety in intra-axial tumor surgery. These functional imaging modalities along with intraoperative cortical stimulation mapping and performing surgery in awake patients are more commonly used in glioma surgery. These techniques, combined with intraoperative imaging, show promise in extending the extent of the safe resection of intra-axial tumors.
With the evolution of the concept of minimally invasive brain surgery and miniature tubular retraction systems as an alternative to stereotactic brain biopsy, 27, 28 surgery is also being used to harvest a substantial amount of tumor tissue for the development of patient-specific vaccines, to deliver oncolytic viruses, and to administer viral vectors for gene therapy or stem cells as carriers of therapeutic agents. All of this work is occurring within the context of clinical trials. Since it is impossible to be completely inclusive, we highlight a few key studies that serve as exemplars of the concepts.
Surgery has the potential to play two roles within the context of vaccine-based therapies: 1) it can be used to obtain tumor tissue for creating personalized vaccines for use in tumor-derived vaccine strategies and 2) it can used for cytoreduction in all vaccine strategies. Cytoreduction is hypothesized to decrease the overall number of cells contributing to JCN local immune suppression, potentially facilitating immunemodulating therapy. Cytoreduction also has the potential to create space intracranially that can accommodate any inflammation and associated swelling occurring when immunotherapy is applied. One of the best-studied tumor-derived vaccine therapies is the HSP peptide complex 96 vaccine (HSPPC-96, Prophage), which was created by combining patient-derived tumor-associated antigens and the chaperone protein HSP gp96. Studies of gross total resection of recurrent gliomas followed by intradermal injection of the vaccine found a favorable OS (42.6 weeks) and 12-month survival (29.3%) when compared to historical controls. 29 A randomized phase II cooperative group trial (NCT01814813) evaluated the efficacy in recurrent glioblastoma either as a single agent or in combination with antiangiogenic therapy. That study randomized patients (after resection and vaccine development) to one of three arms: 1) vaccine plus the antiangiogenic agent bevacizumab, 2) vaccine followed by bevacizumab at progression, or 3) bevacizumab alone. An interim analysis unfortunately demonstrated no efficacy, but there are ongoing plans to explore this therapeutic modality in other combination regimens.
Surgery can also be used to deliver an oncolytic virus to the tumor. 30 An example of this is the phase I trial of PVSRIPO for recurrent glioblastoma, in which patients undergo a stereotactic biopsy and intratumoral infusion of the recombinant nonpathogenic poliovirus:rhinovirus chimera via a catheter. In this dose-escalation study, the 24-month survival (23.3%) appears favorable when compared to historical controls, and it is suspected that outcomes could improve when the dose is optimized. 31 A randomized phase II trial (NCT02986178) comparing PVSRIPO alone to PVSRIPO combined with the nitrosourea lomustine has recently commenced, which will provide additional safety and efficacy data and help clarify if oncolytic viral approaches should be pursued in conjunction with cytotoxic chemotherapies.
Surgery can also be used to deliver a viral vector for gene therapy. We discuss two approaches: 1) using a gene that induces the production of a compound that potentially has direct benefits and 2) using a gene that secretes a product that can convert a prodrug into its active metabolite within the tumor. Ad-RTS-hIL12, a modified adenoviral vector being investigated in recurrent grade-III and -IV gliomas, delivers a gene to intracranial tumor cells that induces them to secret the proinflammatory cytokine IL-12. That trial currently applies either a craniotomy with surgical resection followed by intraoperative freehand injection or the stereotactic injection of the viral vector. The gene is activated by the administration of the oral agent veledimex, which leads to the tumoral secretion of IL-12. This approach aims to overcome the strong immune suppression associated with HGG and circumvent the toxicity of systemically administered high-dose IL-12. Preliminary results have been presented recently at the annual meeting of the American Society for Clinical Oncology. The elevation of serum IL-12 and interferon gamma observed in patients treated with this strategy validates the proposed mechanism of action of the drug. Moreover, the therapy appears to be well tolerated. While there are currently few data on response rates and progression-free survival (PFS), the OS (12.7 months) findings are favorable when compared to historical controls. 32 The second approach uses surgery as a means to deliver a viral vector containing a gene whose product converts the antifungal prodrug 5-fluorocytosine (5-FC) into the active 5-fluorouracil (5-FU), a potent chemotherapeutic agent, within the tumor. 33 Toca 511 is a nonlytic retroviral replicating vector that transmits the transgene-encoding enzyme cytosine deaminase specifically to the replicating tumor cells. Cytosine deaminase (CD) converts 5-FC into 5-FU, 34 and this approach is being investigated both in the context of newly diagnosed and recurrent gliomas. Several routes for vector delivery are being tested, including intratumoral delivery using a biopsy needle, direct injection into the resection cavity following surgical debulking, and intravenous systemic delivery. Although the preclinical studies have indicated robust survival benefits, outcome data from these clinical trials are not yet available.
While viral vectors are an effective way to transfer genes, this approach is restricted by the ability of the viral vector to diffuse away from the site of the initial injection. Using tumor-tropic neural stem cells (NSCs)-which are genetically modified to express various transgenes-can overcome this limitation with respect to diffusion. NSCs are emerging as a very attractive transgene delivery system due to their natural tumor tropism and impressive preclinical safety profile. [35] [36] [37] Genetically modified NSCs expressing enzyme CD, which converts the prodrug 5-FC into the active drug 5-FU, is currently being investigated in a clinical trial (NCT02015819) both in the context of newly diagnosed and recurrent gliomas. As part of that study, modified NSCs are initially directly injected into the tumor cavity following surgical resection and then readministered via a Rickham reservoir implanted during the surgery. Moreover, durable complete radiographic responses have been seen in a different phase-I trial. It is possible that these responses may be more likely in IDH-mutated tumors. 38 Another recently initiated trial is using locally administered NSCs to deliver an oncolytic adenovirus to newly diagnosed HGG in conjunction with standard radiation and chemotherapy (NCT03072134). However, definitive clinical outcomes-in terms of the efficacy of these JCN strategies in prolonging OS or PFS-have yet to be established.
MEDICAL THERAPEUTIC ADVANCES
We have already discussed surgical advances focusing on LITT as well as surgery as a delivery method for viral and gene therapies or as a method for collecting tissue for the creation of tumor-specific vaccines. We now focus on two types of nonsurgical therapeutic modalities: 1) tumor treating fields (TTF) and 2) systemically delivered immunotherapies.
The mitotic apparatus of dividing cells is disrupted when they are placed in strong electrical fields, which leads to cellcycle arrest and apoptosis. Both the frequency of the electrical fields and the cell orientation with respect to the field influence the effects on the cells. This methodology has been applied to humans with brain tumors via the direct application of four arrays to the shaved scalp (Fig. 1 ). This treatment modality was initially evaluated using recurrent glioblastoma (EF-11 trial), followed by the newly diagnosed setting (EF-14 trial). 39 Recently reported results for the full cohort of patients in the EF-14 randomized phase III trial 40 have confirmed the published results for the initial 315 patients. 41 The patients with newly diagnosed glioblastoma in this trial all received radiation with concomitant temozolomide followed by adjuvant temozolomide. They were randomized at a ratio of 1:2 to the therapy described above and the same regimen with the addition of TTF in the adjuvant phase. The outcomes for several clinically relevant endpoints were significantly better in the investigational arm, including OS (21 months vs. 16 months), PFS (6.7 months vs. 4.0 months), and 4-year survival (17% vs. 10%). All of these results occurred within the context of minimally increased toxicity, specifically low-grade cutaneous toxicity, 40 and the improvement in the tail of the Kaplan-Maier curve is particularly encouraging. Similar improvements seen in the tail of the survival curve for other malignancies when using immunotherapies has led to excitement about their potential in HGG. The FDA has not yet approved any immunotherapy for the treatment of primary brain tumors. Several concepts are currently being investigated in these patients, including active immunotherapy, passive immunotherapy, and immunomodulator therapy, with a focus on developing vaccine therapies and on the blockade of immune checkpoints. We have already discussed viral and stem-cell based therapies; we now shift to vaccine therapies, which are the best-studied immunotherapies in HGG, and consider immune-checkpoint inhibitors, followed by other modulators of the immune system.
Educating the immune system about specific targets that should be attacked is the main concept underlying immunebased therapies. These vaccines can be subclassified into tumor-specific versus "off the shelf " vaccines. We have already discussed tumor-specific vaccines in our discussion of the role of surgery in neuro-oncology, and so here we focus on therapies utilizing "off the shelf" vaccines, in which every patient receives the same agent. The best studied of these is rindopepimut (formerly CDX-110), which targets the epidermal growth factor receptor (EGFR) and its constitutively active mutant variant, EGFRvIII. This vaccine is administered intradermally and has been evaluated in both newly diagnosed and recurrent glioblastomas. The ReACT randomized phase-II trial for recurrent glioblastomas evaluated rindopepimut plus the antiangiogenic agent bevacizumab (Avastin) versus bevacizumab alone, and demonstrated improvements in OS (11.6 months vs. 9.3 months), 6-month PFS (28% vs. 16%), and overall response rate (30% vs. 18%). Additionally, the patients in the rindopepimut arm also exhibited robust antibody titers against EGFRvIII, with these titers being correlated with OS. 42 Unfortunately, the planned interim analysis of the ACTIV randomized phase-III trial evaluating radiation with concomitant and adjuvant temozolomide versus the same regimen with the addition of rindopepimut found no evidence of efficacy. 43 However, there is still interest in utilizing vaccine therapies in conjunction with other immunotherapies, particularly in light of the notable tolerability to vaccine-based approaches.
The inhibition of immune checkpoints, particularly PD-1 and its ligand PD-L1, blocks the signals that impede immune attacks on tumors, thereby facilitating an effective immune response that enhances tumor killing. PD-1 is expressed on immune cells while PD-L1 is expressed on tumor, nontumor, and immune cells. Antibodies that block both PD-1 and PD-L1 have demonstrated efficacy in other malignancies. Improvements in OS as well as prolonged sustained responses 
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have been seen in aggressive metastatic cancers, [43] [44] [45] [46] which has led to these agents being investigated in HGG. The PD-1 antibodies nivolumab and pembrolizumab are being investigated in the various CHECKMATE and KEYNOTE trials, respectively. While the final results of these studies have not yet been published, preliminary analyses have demonstrated safety and tolerability of these agents in HGG. [47] [48] [49] [50] Unfortunately, the randomized phase-III CHECKMATE 143 trial (NCT02017717) evaluating single-agent nivolumab in recurrent glioblastoma did not demonstrate superiority relative to bevacizumab alone in this patient population; these results were presented at the 2017 World Federation of Neuro-Oncology societies (WFNOS) meeting. 51 There are ongoing studies [CHECKMATE 498 (NCT02617589) and CHECKMATE 548 (NCT 02667587)] of nivolumab in newly diagnosed glioblastoma, the results of which are eagerly awaited. The use of PD-L1 antibodies in this patient population is in a less-advanced stage of investigation. Preliminary studies of the PD-L1 antibodies atezolizumab and durvalumab have demonstrated their safety and tolerability. 52, 53 The inhibition of other promising contributors to the immunosuppressive microenvironment, such as indoleamine-2,3-dioxygenase (IDO) and colony-stimulating Factor 1 receptor (CSF1R), are also being investigated in HGG. 54, 55 
CONCLUSIONS
Numerous advances in surgical and medical neuro-oncology are actively shaping the current and future care standards for the management of brain metastases and HGG (Table 1) . Neurosurgical interventions form an integral part of comprehensive neuro-oncology care. New advances in technology and scientific breakthroughs in advanced therapeutic options continue to refine and redefine the role of surgery in the care of patients with neuro-oncology problems. However, the results from the early-phase studies as discussed herein indicate that caution remains necessary and that we must not develop overly optimistic expectations. The promise of both rejuvenated old modalities and novel new ones should be tempered by the need to validate the currently available initial results. There are many concepts currently being investigated that we hope will positively influence the therapeutic management of metastatic and primary CNS tumors. Recent efficacy data for TTF in newly diagnosed glioblastoma has led to FDA approval of this approach. There are ongoing considerations regarding how this relatively nontoxic therapy will integrate with ongoing and prospective trials of other agents for both newly diagnosed disease and progressive disease. When contemplating the panoply of options in the wide armamentarium of immunotherapies, it will be interesting to learn which agents-or, more likely, a combination of agentsprove beneficial in treating HGG. It will also be of interest to see how this promising class of agents will be incorporated into treatment paradigms involving radiation, cytotoxic chemotherapies, antiangiogenic agents, and now TTF.
